Anti-inflammatory drugs are widely used to manage pain associated with stress fractures, but little is known about their effects on healing of those injuries. We hypothesised that selective and non-selective anti-inflammatory treatments would retard the healing of stress fracture in the rat ulna. Stress fractures were created by cyclic loading of the ulna in Wistar rats. Ulnae were harvested 2, 4 or 6 weeks following loading. Rats were treated with non-selective NSAID, Ibuprofen (30 mg/kg/d); selective COX-2 inhibition, DFU (2.0 mg/kg/d); or the novel c5a anatagonist PMX53 (10 mg/kg/d, 4 and 6 weeks only); with appropriate vehicle as control.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs), available as "over-the-counter" and prescription medications, are widely used to manage pain associated with musculoskeletal injuries 1 . NSAIDs act by inhibiting the effects of cyclooxygenase (COX) enzymes. COX-1 and COX-2 are the rate limiting enzymes involved in the conversion of arachidonic acid into prostaglandins. PGE 2 , primarily produced by COX-2 during inflammation, has numerous roles in bone biology. PGE 2 is a potent stimulator of osteoclastogenesis, and COX-2 and PGE 2 are required for the response to many hormonal and cytokine mediators of bone resorption 2 . COX-2 and PGE 2 are also important mediators of mechanotransduction, bone formation and bone adaptation to loading 3 .
There is convincing evidence that selective COX-2 inhibitors and non-selective NSAIDs compromise the healing of complete fractures [4] [5] [6] [7] [8] . Yet, very little is known about the effect of NSAIDs on stress fracture (SFx) healing 9 . Stress fractures are a common injury affecting children, adolescents and adults participating at all levels of sport and other athletic endeavours [10] [11] [12] . These injuries are frustrating and debilitating, often incurring considerable time lost from exercising, rehearsal or military training 13, 14 . Stress fractures are characterised by incomplete fractures that develop as a result of repetitive loading on a bone rather than a single traumatic event. Some "high risk" SFx are prone to delayed healing or catastrophic propagation to complete fractures.
Repetitive loading of the rat ulnar creates an excellent model of SFx. It is non-invasive, avoids external trauma to the periosteum and its clinical characteristics are very similar to SFx in humans and animals 15, 16 . In addition, the model is sensitive to pharmaceutical treatments that may influence resorption or formation phases of SFx healing 9, 17 . Because of their wide availability and use, it is important to examine the effects non-selective NSAIDs on the healing of SFx. In animal models, the non-selective NSAIDs cause a greater negative effect on fracture healing 18, 19 . Stress fractures created by ulnar loading heal by a combination of woven bone formation and remodelling that progresses directly along the fracture line 16 . Even after 10 weeks, there are regions of the fracture that have not completely healed, indicating that SFx healing is slower than the healing of complete fracture. In addition, SFx repair does not rely on endochondral ossification for fracture healing 9, 16, 17 . COX-2 inhibition may, therefore, have different effects to that seen in complete fracture healing.
C5a is a protein fragment, termed an anaphylatoxin, released from complement component C5 during activation of the complement system 20 . It is a potent inflammatory mediator and is involved in the progression of immuno-inflammatory conditions such as rheumatoid arthritis, inflammatory bowel disease, asthma and psoriasis 21 . A C5a receptor antagonist, PMX53, has been trialled as a NSAID, demonstrating potent inhibition of C5a mediated neutrophil chemotaxis, phagocytosis and leukocyte release of inflammatory cytokines 22, 23 . Is has been used to target the complement system and has shown positive therapeutic effects in animal models of inflammatory arthritis 24 . Through its actions on inflammation and production of inflammatory cytokines, this new class of drug may prove to have indications in other musculoskeletal conditions. PMX53 treatment was more effective than ibuprofen in reducing joint swelling, joint cell numbers, and intra-articular TNFa and IL-6. TNFa and IL-6 are also important mediators of osteoclastogenesis 25 . As a novel anti-inflammatory agent, it is important to establish that a c5a inhibitor does not have detrimental effects on bone healing.
The first aim of this study was to determine the effect of the anti-inflammatory drugs on SFx healing and woven bone consolidation in the rat ulna. Our hypothesise is that treatment with the COX-2 inhibitor DFU and ibuprofen will delay remodelling of the fracture line and subsequent consolidation of periosteal woven bone, but will not affect woven bone production and that DFU will have a more pronounced effect than ibuprofen. Our second aim is to investigate the effect of PMX53 on SFx healing and woven bone consolidation. We hypothesise that treatment with a novel anti-inflammatory C5A antagonist will delay remodelling of the fracture line and consolidation of periosteal woven bone but will not affect woven bone production.
Materials and methods

Loading model
The University of Queensland Animal Ethics Committee approved all treatments. Loading sessions were conducted by placing the flexed carpus and elbow in cups and applying axial cyclic loading on the ulnae of rats using methods we described previously 16, 17 . Briefly, displacement in the limb during loading was monitored using a LVDT connected to the loading device, and recorded using Maclab (AD Instruments, Colorado Springs, Colorado 
Treatment groups
Selective COX-2 inhibitor (DFU) treatment
The right ulna was loaded in 60 rats. Drug treatment was commenced immediately after loading.
For each timepoint rats were either treated with vehicle, or selective COX-2 inhibitor DFU at 2.0
furanone], Merck and Co, USA) has at least 1000 fold selectivity for COX-2 over COX-1 26 .
DFU binds selectively to the active site of COX-2 in a manner that appears to be competitive with arachidonic acid 27 . DFU was made up as a 2mg/ml solution in the vehicle, polyethylene glycol (PEG). Rats were weighed daily to ensure the correct administration of the dose. Each rat received either DFU or the same volume of PEG by oral gavage daily until the end of the experiment. Rats were euthanised at 2, 4, or 6 weeks after loading (n=10 rats per group).
Ibuprofen treatment
The right ulna was loaded in 80 rats. Drug treatment was commenced immediately after loading.
Rats were euthanised at 2, 4, or 6 weeks after loading. There were 10 rats in each group at 2 weeks and 15 rats in each group at 4 and 6 weeks. For each timepoint rats were treated with ibuprofen at 30 mg/kg/d or vehicle (distilled water) alone. Drugs were made up as a solution in distilled water, provided as the only drinking water until the end of the experiment. Drinking water was measured to ensure the correct administration of the dose.
C5a receptor antagonist (PMX53) treatment
The right ulna was loaded in 30 rats. This comprised 2 groups of rats treated with the C5a antagonist PMX-53 at 10 mg/kg/d and euthanized at 4 and 6 weeks after loading (n=15 per group). Due to a limited supply of PMX53, groups were not included at 2 weeks post-loading.
Drugs were made up as a solution in distilled water, provided as the only drinking water until the end of the experiment. The same control animals were used for both the ibuprofen and PMX53
groups. Drinking water was measured to ensure the correct administration of the dose.
Sample attrition
There were 2 complete fractures during loading and these animals were euthanised immediately.
Three complete fractures occurred during post-mortem dissection. Ten more samples were lost due to problems arising during tissue processing. The final numbers analysed for histomorphometry are given in Error! Reference source not found. and Error! Reference source not found.2.
Histomorphometry
Following euthanasia, a 10-15mm section of the right ulna containing the fracture was removed from the bone. Fixed bones were decalcified in EDTA before being embedded in paraffin using standard protocols. One reader analyzed the sections and was blinded to group affiliation. As previously described 17 , histomorphometry was performed on one toluidine blue-stained section from each bone at a standard level along the fracture. This section was the point where the Ne.B.Ar/Ct.Ar, %). We have previously determined that resorption area and length along the stress fracture line characterise resorptive activity in the model, hence osteoclast numbers were not counted 16, 17 .
Mechanical testing was not performed in this study. In this model, woven bone formation restores whole-bone mechanical strength within 12 days of loading, well before stress fracture healing is complete 28, 29 . Mechanical testing would only reflect major changes in woven bone formation that are independent of the remodelling process along the fracture line 15, 16 . Mechanical testing of whole bones is therefore not usually used to evaluate crack healing and remodelling along the stress fracture in this model 9, 16, 17, 30 .
Statistical analysis
All variables were determined to have a normal distribution using a Kolmogorov-Smirnov test.
Data were analysed using a two-way ANOVA. If this revealed a significant treatment effect differences between groups were determined using a one-way ANOVA with a post hoc Fisher's protected least significant difference. For all tests, significance was determined at P < 0.05.
Results
Stress fracture healing
All loaded bones developed SFxs. These were consistently in the distal half of the diaphysis on the medial (compressive) surface of the bone. There were no significant differences between any of the groups for fracture length, cortical area or bone width indicating that there was a consistent level of damage at a standard position within the bone. The configuration and qualitative assessment of the remodelling, healing and woven bone responses in all groups were very similar to those described for this model previously 16, 17 .
Histomorphometry
Woven bone formation:
Results for cortical and woven bone histomorphometry are summarized in Tables 1 and 2 . Woven bone area normalized by cortical area (WoB.Ar/Ct.Ar) was rapidly produced in the first 2 weeks after loading. This woven bone area was greatest at 2 weeks.
Woven bone area was decreased at 4 weeks and remained stable between 4 and 6 weeks. There were no significant differences in WoB.Ar/Ct.Ar between treated and control groups at any timepoint for Ibuprofen, PMX53 or DFU treatment.
Remodeling along the Fracture Line: At 2 weeks there was active remodelling along the fracture line, primarily in the region of the fracture where it exited the cortex. Remodelling was in the form of large resorption spaces that were progressing along the fracture towards the medullary region of the cortex. These resorption spaces had a crenated edge and were almost completely filled with cellular activity including obvious multinucleated osteoclasts. There was rarely new bone within the resorption spaces at this time-point ( Figure 1 ).
There was a rapid increase in resorption area and healed new bone between 2 and 4 weeks after loading. By 4 weeks, more of the resorption space was occupied by new bone formation than by bone resorption. Six weeks after loading, individual resorption spaces could be seen and these had progressed further along the fracture line towards the medullary cavity.
NSAID treatment:
Ibuprofen significantly reduced bone resorption and formation within the BMUs 6 weeks after loading, and DFU significantly reduced resorption along the fracture line 2 weeks after loading.
In the DFU-treated group, the normalized area of intracortical resorption spaces (Rs.Ar/Ct.Ar %)
was significantly less than in controls at 2 weeks (p < 0.05) (Figure 2 ). There were no significant differences between groups treated with ibuprofen and control groups at 2 weeks.
There were no significant differences between DFU, Ibuprofen or PMX53-treated groups and control groups at 4 weeks for any resorption or new bone formation measurements. (Figure 3 and Figure 4 ). There were no significant differences between DFU or PMX53 treated groups and control groups at the 6 week time-point.
Discussion
Although the effect of NSAIDs on SFx healing is largely unknown, they are commonly used for analgesia. We showed a negative effect of a selective COX-2 inhibitor (DFU) and a non-selective NSAID (Ibuprofen) on SFx healing. This negative effect was due to reduction in both bone resorption and bone formation during the remodelling phases responsible for repairing the SFx line. In addition, administration of a novel C5a receptor antagonist (PMX53) had no significant effect on bone resorption or formation in this model. 16 . In the current study the area of resorption along the fracture line was significantly reduced by DFU at 2 weeks and by ibuprofen at 6 weeks after fracture.
COX-2 is important in states of generalised activated remodelling 38, 39 , and promotes bone loss in inflammatory conditions by mediating osteoblastic RANKL production that increases osteoclastogenesis [40] [41] [42] . Our data clearly indicate that COX-2 is also important in resorption associated with focal, directed remodelling in response to fatigue injury. Ibuprofen also inhibited lamellar bone formation within the resorption spaces along the fracture line. Celecoxib also reduced bone formation in the rat ulnar, 8 weeks after SFx (Li et al 2007) . The vital role of COX-2 in bone formation is also demonstrated in several experimental models 34, 43, 44 . Both nonselective and selective COX-2 inhibitors also reduce mechanically-induced lamellar bone formation when given prior to mechanical loading 3 . In these experiments, selective COX-2 inhibitors demonstrate a greater effect 3, 45 .
Significant decreases in lamellar bone area with ibuprofen treatment were not seen until 6 weeks after loading. The timing of this effect may be a function of the time required to achieve an area of new bone formation great enough to detect significant changes. It could also be due to an indirect effect of the decreased osteoclast activity within resorption spaces. Resorption space area and length along the crack were significantly reduced by ibuprofen at 6 weeks. Osteoblast function and bone formation are tightly balanced with the activity of osteoclasts during remodelling. The exact factors involved in this "coupling" are not known but proposed mechanisms include release of growth factors from bone matrix, mediators ("coupling factors") released from osteoclasts, changes in the local strain environment, TRAP signalling and surface contour effects [46] [47] [48] [49] . Osteoblast activity and bone formation may therefore have been affected by inhibition in osteoclast activity with reduced remodelling along the SFx line.
In this study ibuprofen had a more pronounced effect on stress fracture healing than DFU. While DFU significantly reduced the area of resorption along the fracture line 2 weeks after loading, ibuprofen significantly reduced the length and area of the BMUs and new bone formation 6 weeks after loading. This is a somewhat surprising given a hypothesis that specific COX-2 inhibition would have a greater effect on healing. The overwhelming evidence from in vitro and in vivo studies is that COX-2 is primarily responsible for the production of PGE 2 in response to mechanical loading, fracture repair and bone resorption 3, 34, 50-52 . However, COX-1 gene expression was significantly elevated in the ulna at 4 days after stress fracture creation, and this was at the same time as a significant increase in the expression of COX-2 16 . It is possible that COX-1 contributes to the maximal production of PGE 2 or other prostaglandins required during fracture healing. Inhibition of both COX-1 and COX-2 could then explain the more severe effect of ibuprofen on healing of the stress fracture. This enhanced reduction in healing parameters following administration of non-selective NSAIDs, compared to selective COX-2 inhibition, is not a unique observation 18, 19, 53 .
A limitation of this study was that the DFU and ibuprofen groups were administered using different protocols. Ibuprofen and PMX53 and were administered in the daily drinking water.
Because the DFU was not soluble it was mixed into a suspension in PEG and the DFU and corresponding vehicle control groups were dosed daily by oral gavage. Serum ibuprofen levels were therefore likely to have been maintained throughout the day while DFU may have had peaks and troughs in the serum levels of the drug. The negative effects of COX-2 inhibition are reversible in complete fractures in the rat, and this appears to be due to a "rebound" effect of increased levels of PGE 2 after withdrawal of medication 54 . At 10 times the oral dose used in this study, DFU plasma concentrations in rats peak at 1-2 hours and decline by 8 hours 27 . In the current study, treatment with DFU led to a significant reduction in bone resorption at 2 weeks, but resorption and formation were able to proceed sufficiently after that timepoint to prevent any significant differences in fracture healing at 4 and 6 weeks. Very small rebounds in PGE 2 levels each day may account for some of the difference between ibuprofen and DFU administration.
However the ED(50) for DFU in inflammatory models in the rat is 1 mg/kg 26 and the dose used in this study (2 mg/kg) significantly reduces trabecular bone loss following ovariectomy (OVX) in the rat 39 .
Consistent with earlier reports, neither ibuprofen, nor DFU, reduced woven bone area or the maximum width of woven bone at any timepoint after loading. For example, increases in mechanically-induced endocortical lamellar bone formation in the rat tibia was reduced by indomethacin, and prevented by COX-2 inhibition (NS-398); but periosteal woven bone was not affected by either drug 3 . Moreover, daily administration of the selective COX-2 inhibitor (DFU) delayed the woven bone response to tibial 4-point bending but it did not reduce the peak woven bone area 55 . Similarly, woven bone formation following ulnar loading was not affected by celecoxib (Celebrex), while intracortical bone formation rate was reduced at 8 weeks after loading 9 . As the woven bone "callus" creates a rapid return to structural integrity of the bone, it is a critical component of the repair of fatigue damage and is likely to involve a robust cascade of cellular activity. Inhibition of COX-2 and PGE 2 do not appear to be rate-limiting or magnitudelimiting components of this prolific woven bone response.
Treatment with the novel anti-inflammatory drug PMX53 was only studied at 4 and 6 weeks after SFx. At these timepoints, it did not affect any indices of bone resorption or formation during fracture healing. This suggests that this drug is unlikely to have a detrimental effect on bone healing. Although PMX53 reduces TNFa and IL-6 levels in a model of inflammatory arthritis 24 , inhibition of C5a function using PMX53 did not influence bone resorption in this study. This implies that C5a is not part of the central pathway required for osteoclastogenesis during directed remodelling. PMX53 does reduce inflammatory hypernociception, however, and therefore has the potential to relieve inflammatory pain 21 . These data suggest the hypothesis that a c5a antagonist could provide necessary analgesia during (stress) fracture healing, without compromising the remodelling processes of bone healing.
In conclusion, treatment with the selective COX-2 inhibitor, DFU, reduced the area of resorption along the fracture line at 2 weeks, without affecting bone formation at later stages. Treatment with the non-selective, NSAID, ibuprofen decreased both bone resorption and bone formation so that there was significantly reduced length and area of remodelling and lamellar bone formation within the remodelling unit at 6 weeks after fracture. Ibuprofen reduced SFx remodelling to a greater extent than DFU, which may be due to differences in administration protocol between the two drugs. But we hypothesize that differences in potency against COX-2, or a role for COX-1 during remodelling could explain the difference. The C5a receptor antagonist PMX53 had no effect on SFx healing at 4 or 6 weeks after loading, suggesting that PMX53 would not delay SFx (4) 48 (5) 41 (2) 51 (4) 46 (5) 42 (2) 48 (2) Values are mean (SEM) for cortical area (Ct.Ar), woven bone area (Wo.B.Ar) and woven bone area as a percentage of original cortical area (Wo.B.Ar/Ct.Ar %) for daily treatment of vehicle (VEH), or ibuprofen (30mg/kg) or PMX53 (10 mg/kg) from rats at 2, 4 and 6 weeks after loading. There were no significant differences between treated and control groups at any time-point. (4) Values are mean (SEM) for cortical area (Ct.Ar), woven bone area (Wo.B.Ar) and woven bone area as a percentage of original cortical area (Wo.B.Ar/Ct.Ar %) for daily treatment of vehicle (VEH) or DFU (2.0 mg/kg)-treated rats at 2, 4 and 6 weeks after loading. There were no significant differences between treated and control groups at any time-point.
